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It is well known [1, 2] that the use of styrene-isoprenebutadiene terpolymers (SIBK) in rubber compounds for tyres instead of a combination of several rubbers opens up additional possibilities for the production of tyres that meet the increasingly stringent requirements concerning such properties as rolling losses, holding properties, and wear resistance. Furthermore, improvement of these characteristics is possible by chemical modification of the polymer, for example by using branching agents or agents containing polar groups, and also by combining these methods [3] [4] [5] [6] [7] .
In this context, this work continues research on the process of copolymerisation of styrene, isoprene, and butadiene in the presence of organolithium compounds and electron-donor additives [8] and is devoted to a study of the influence of different methods of chemical modification of terpolymers on the properties of rubber mixes and vulcanisates based on them.
Styrene-isoprene-butadiene ternary rubbers were produced by anionic polymerisation, using n-butyllithium together with electron-donor additives as the initiator. The ratio of styrene, isoprene, and butadiene in the charge was 30:35:35 wt%. On the achievement of a monomer conversion of at least 98 wt%, a branching or functionalising agent was introduced into the polymerisate. The procedure for producing branched modified SIBK included several stages, in accordance with existing patents [9] [10] [11] : the synthesis of the base linear rubber SIBK, the separation of the polymerisate into two parts, the branching of one part of the SIBK and end-chain functionalisation of the other part, and mixing of the branched and functionalised SIBK.
The molecular weight characteristics of the rubbers and their degree of branching were assessed by gel permeation chromatography. Analysis was conducted on an Agilent 1200 liquid chromatograph with an evaporative light scattering detector on a PL gel mixed-C column with a range of determined molecular weights of 200-3 × 10 6 at a temperature of 25°C and a flow rate of 1 cm 3 /min. Tetrahydrofuran was used as the eluent.
The microstructure of SIBK was determined by IR and 1 H NMR spectroscopy. IR spectra of the polymers were recorded on a Varian Excalibur HE 3600 IR Fourier spectrometer on an attenuated total reflectance instrument with a ZnSe/diamond crystal in the frequency range 400-4000 cm The preparation of tread mixes was carried out in a Brabender mixer. The rubber mix formulation included precipitated amorphous silicon dioxide of grade Zeosil 1165MP as the main filler, and also the compatibiliser Si-69 (bis- [(3-ethoxysilyl) propyl] tetrasulphide). Vulcanisation was carried out at 160°C for 20 min to assess the deformation and strength properties and for 30 min to assess the hardness and abrasion.
The main tensile properties of the vulcanisates (f 100 , f 300 , f t , e b ) were assessed according to ASTM D412-98, the Shore A hardness (H) according to the GOST 263-75 standard, and the rebound resilience (R) according to GOST 27110-86, and the Schopper-Schlobach abrasion (ABR) was assessed according to GOST 23509-79. The shear moduli (the complex dynamic modulus G* and elastic modulus G′) were determined on an Alpha Technologies RPA-2000 instrument at 0.1 Hz and 100°C. The vulcanisation characteristics -the scorch start time (t s1 ), the time of achievement of a 10% degree of vulcanisation (t 10 ), the time of achievement of a 50% degree of vulcanisation (t 50 ), the optimum vulcanisation time (t 90 ), the minimum torque (M L ), and the maximum torque (M H ) -were determined according to ASTM D6601-02 and ASTM D5829-95 on the RPA-2000 instrument. The elastic hysteresis properties were assessed by dynamic mechanical analysis on a DMA-242S instrument with two-arm flexion of the specimen at an amplitude of 40 µm, a frequency of 10 Hz, and a load of 7 N.
At the first stage of the work, a study was made of the effect of chemical modification of SIBK with tin tetrachloride (SnCl 4 ), which ensures the production of branched macromolecules of the rubber, on the properties of rubber mixes and vulcanisates. Table 1 presents the characteristics of synthesised branched SIBK (SIBK-B) containing about 30-35 wt% branched macromolecules. In the testing of SIBK-B, in rubber compounds, as a comparison standard, use was made of linear unmodified SIBK (SIBK-L) with similar molecular weight and microstructural characteristics, and also similar physical properties (see Table 1 ).
It is known that branched polymers make it possible to lower the hysteresis properties of rubber compounds and to improve their processability [12, 13] .
It is to be expected that the replacement of a linear structure of the macromolecule by a branched structure will inevitably affect the nature of packing of the macromolecules and the density and structure of the fluctuation and vulcanisation networks, the macromolecular dynamics, and the behaviour of the molecular chains under tensile strain and any other static or dynamic action on the rubber composite.
Thus, it was noted in a patent [12] that the vulcanisation network of rubber compounds containing styrene-butadiene rubbers branched by tin-containing halides is more homogeneous and may contain a smaller amount of end-chain fragments of macromolecules that have not entered an effective network, i.e. one capable of absorbing external loads. Furthermore, the authors of another patent [13] regard the nodes of (tri-and tetrafunctional) branches, comprising stable Sn-C bonds, of macromolecules as the nodes of a vulcanisation network. Here, a significant positive effect, expressed by a reduction in hysteresis losses and an improvement in the processability of the rubber compounds, is achieved with a content of branched molecules in the rubber of at least 20 wt%, as indicated in patent [12] , or of at least 70 wt%, as indicated in patent [13].
Our own investigations as shown in Table 2 and Figure 1 , that the use in the composition of rubber compounds, instead of linear SIBK, of a rubber similar in microstructure and molecular weight characteristics but containing of the order of 30 wt% branched macromolecules leads to an appreciable change in the properties of the rubber mixes and to a negligible change in the properties of the vulcanisates.
Above all, it should be pointed out that rubber mixes based on SIBK-B are characterised by lower values of the complex dynamic shear modulus G* and storage modulus G′, with retention at an unchanged level of the values of the Payne effect (see Figure 1 ) defined as the difference in the storage moduli at low and high amplitudes of strain D(G' 4% -G' 43% ) and characterising the quality of dispersion of the filler in the polymer [14] . This indicates that the filler distribution in the polymer matrix hardly depends on whether the SIBK macromolecule has a branched or linear structure. 
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Figure 1. Change in G* and G′ of rubber mixes based on SIBK-L and SIBK-B on the amplitude of strain: 1 -SIBK-L; 2 -SIBK-B
The fluctuation network, as is known, affects the magnitude of the dynamic modulus of the rubber mix and its components [15] . It can be assumed that the difference in the viscoelastic behaviour of a rubber mix based on SIBK-B is due to reduction in the density of the fluctuation network in the matrix of the branched rubber on account of the more compact packing of branched macromolecules and their lesser participation in the formation of linkages with surrounding macromolecules. The result of this is a reduction in G′ and G* of the composite. On the other hand, we should not rule out the possibility that the lower values of the given moduli may be connected with the presence in the composition of SIBK-B of a fraction of relatively low-molecular-weight macromolecules, from which, when SnCl 4 is added, branched molecules of higher molecular weight are formed.
On the whole, in terms of their deformation and strength properties, hardness, rebound resilience, abrasion, and hysteresis losses (tg δ at 60°C), vulcanisates with branched SIBK are similar to rubber compounds based on linear SIBK, and are only slightly inferior in tensile properties f 100 and f 300 ( Table 2 ). The absence of any significant change in the properties of vulcanisates based on SIBK-B may be due to an inadequate content of fraction of branched molecules in its composition.
In the present work, besides modification using branching agents, an examination was also made of the modification of SIBK-L by polar groups at the ends of the polymer chain, and also a combination of branching and end-chain functionalisation. Relatively accessible agents -Michler's ketone (MK) and N-methylpyrrolidone (MP) -were chosen as the modifiers. The amount of end-chain modifiers to be introduced into the polymerisate was calculated so as to ensure the functionalisation of all "live" chain ends and in all cases corresponded to 1.0 mmol/100 g monomer. In turn, branched modified rubber (SIBK-BM) was obtained by mixing 70 wt% SIBK-B and 30 wt% SIBK modified with MP (SIBK-1). The characteristics of the modified rubbers are given in Table 2 .
From the literature [15] that the main purpose of end-chain functionalisation of macromolecules is to reduce hysteresis losses in the article by fixing endchain fragments on the surface of filler particles, and also to involve to the maximum degree possible all of the macromolecule in the active network of the vulcanisate, which ensures that the rubber compound is able to absorb and offer resistance to external loads. The results of comparative tests indicate (see Table 2 ) that the modification of SIBK with MK (SIBK-2, SIBK-BM) and with MP (SIBK-1) leads to a considerable change in such properties of the rubber mixes as G′ and the Payne effect. This indicates that end-chain functionalisation affects the molecular dynamics of the macromolecules in the non-crosslinked polymer matrix and affects the interaction of the polymer with the filler.
Furthermore, the vulcanisation rate of rubber compounds containing SIBK-1, SIBK-2, and SIBK-BM increases at all stages of the process, which follows from the lower values of times t s1 , t 10 , t 50 , and t 90 (see Table 2 ) and may indicate the catalytic activity of the end-chain functional groups in structure formation reactions.
Thus, rubber compounds based on functionalised linear rubbers SIBK-1 and SIBK-2 possess improved deformation and strength properties and lower hysteresis losses by comparison with unmodified SIBK-L and branched SIBK-B.
In turn, the combined approach to modification, which makes it possible to combine in polymer SIBK-BM branched and end-chain-modified macromolecules, ensures the most positive effect, expressed as a reduction in hysteresis losses in the rubber compound under dynamic loads.
Thus, end-chain modification of the terpolymer and also the application of the combined method of modification make it possible to produce rubbers capable of improving the practically important properties of rubber compounds in a complex manner.
